Abstract. Background 
transcription coactivator peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PARGC1A, also known as PGC-1α) (11) (12) (13) . Invasive cancer cells use PGC-1α to enhance oxidative phosphorylation, the oxygen consumption rate, and finally, mitochondrial biogenesis (11) (12) (13) . Clinical analysis of human invasive breast cancers has revealed a strong correlation between PGC-1α expression in invasive cancer cells and the formation of distant metastases, while PGC-1α silencing has suspended their invasive potential and attenuated metastasis (11) (12) (13) . Importantly, mitochondrial respiration and mitochondrial biogenesis remain under the strict control of nitric oxide (NO) (14) (15) (16) (17) . Furthermore, as indicated by Aquilano and coauthors, the nuclear recruitment of neuronal nitric oxide synthase (nNOS) and generation of NO in the nucleus are mandatory for the induction of the mitochondrial biogenesis pathway (14) . Previously, we evidenced that generation of NO due to nuclear recruitment of nNOS constitutes an anticancer mechanism of 2-methoxyestradiol (2-ME) action ( Figure 1 ) (18) . 2-ME is a natural derivative of 17β-estradiol that possesses anticancer activities, as confirmed by in vitro and in vivo studies (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Under the brand name Panzem, 2-ME is being evaluated in clinical trials for the treatment of numerous malignancies, such as breast and prostate cancers (19) (20) (21) (22) . Interestingly, previous studies have reported potential physiological anticancer activity of 2-ME and suggested to consider 2-ME not as a metabolite of 17β-estradiol but as a novel hormone (18, 23, 24, 26) . Nonetheless, potential hormonal properties of 2-ME need to be further elucidated by in vivo studies.
Therefore, the aim of the current study was to determine whether the anticancer potential of 2-ME is associated with the regulation of mitochondrial biogenesis as a consequence of NO generation due to nuclear nNOS localization. Our findings demonstrated that 2-ME significantly affects mitochondrial biogenesis especially at physiological relevant concentrations. It was also evidenced that regardless of the mitochondrial biogenesis pathway, 2-ME, at both physiologically-and pharmacologically-relevant concentrations, affects another important anticancer target, namely, mitochondrial inner membrane succinate dehydrogenase complex subunit A (SDHA).
Materials and Methods
Reagents. 2-Methoxyestradiol, the osteosarcoma 143B cell line, tissue culture media, antibiotic cocktail, heat inactivated fetal bovine serum (FBS), Charcoal stripped FBS, RIPA buffer, protease and phosphatase inhibitor cocktails were obtained from Sigma-Aldrich (Warsaw, Poland). The SIRT3 Direct Fluorescent Screening Assay Kit was obtained from Cayman Chemical (Warsaw, Poland). ProLong Gold Antifade Reagent, SlowFade Gold Antifade Reagent with DAPI, NucBlue™ Live Cell Stain, and MitoTracker ® Green FM were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The MitoBiogenesis™ ICC Kit and antibodies against α-syntrophin and PGC-1α were obtained from Abcam (Cambridge, UK). Antibody against β-Actin and secondary antibodies were obtained from Santa Cruz Biotechnology (Heidelberg, Germany). Cell Imaging TC coverglasses were purchased from Eppendorf (Warsaw, Poland) and CellView 4 Compartment Advanced TC plates were obtained from Greiner (Frickenhausen, Germany). Amersham ECL 4-12% gels were obtained from GE Healthcare Life Sciences (Warsaw, Poland).
Cell culture. 143B osteosarcoma cells were cultured at 37˚C in a humidified atmosphere and saturated with 5% CO 2 . Minimum Essential Medium Eagle was supplemented with 2 mM glutamine, 1% nonessential amino acids, and 10% heat-inactivated FBS (29) . In order to avoid the effects of glucose and Warburg effect in osteosarcoma cells, low glucose, pyruvate and lactate-free Minimum Essential Medium Eagle was chosen for cell culture and treatment (29) .
Cell treatment. In order to preserve lactate activity without affecting the pH of media, all the analyses were performed using sodium salt of L-lactate, indicated in the text as L-lactate. Treatments were performed in Minimum Essential Medium Eagle containing 1% charcoal-stripped fetal bovine serum which is used to elucidate the effects of hormones in a variety of in vitro systems (30) . As previously described (29) , 143B cells were treated with 2-ME alone and in combination with L-lactate. Initially, cells were pre-treated for 24 h with 10 mM L-lactate in order to induce mitochondrial biogenesis (6, 7), followed by incubation with 10 mM L-lactate or 10 mM L-lactate and 2-ME (10 nM, 1 μM) for 8 h or 24 h, according to the experimental design. Cells treated separately with 10 nM or 1 μM of 2-ME for 8 h and 24 h were also used in the study. Incubation time of 8 h was chosen due to the observed highest level of nNOS induction and NO generation by 2-ME after this period of time (18, 25) . Control cells were treated with an equal volume of the solvent used to prepare 2-ME solution.
Live cell imaging. Osteosarcoma 143B cells were seeded onto CellView 4 Compartment Advanced TC plates at a density of 7×10 5 cells per well. After 24 h, cells were incubated with 2-ME and/or L-lactate according to the experimental design. Thirty minutes before the end of incubation, MitoTracker ® Green FM (200 nM) was added to the culture medium (31 with 2-ME and/or L-lactate according to the experimental design and fixed with 4% paraformaldehyde for 15 min. Following antigen retrieval and washing with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min and blocked in 10x blocking solution for 1 h at room temperature. Cells were then incubated with the antibody solution (1x antibody cocktail mouse anti-mitochondrial cytochrome c oxidase I (MtCOI or COXI) Alexa ® 488 and mouse anti-SDHA Alexa ® 594 antibody) overnight at 4˚C. Finally, SlowFade Gold Antifade Mountant containing DAPI was added.
Image acquisition and analysis. All samples were analyzed on a Zeiss Axio Observer Spinning Disc microscope equipped with a Plan-Apochromat 63x/1.4 Oil DIC objective and an Axiocam 503 mono CCD camera (Zeiss, Oberkochen, Germany). The following excitation lasers and emission filters were used: Blue channel: 405 nm diode laser, Green channel: 488 nm diode laser, 525/50 nm filter, and Red channel: 561 nm diode laser, 600/50 nm filter. Zstacks were acquired for all samples applying an interval of 500 nm and maximum intensity projections were calculated. All image processing and analysis steps were performed with Zen blue 2.3 software (Zeiss, Oberkochen, Germany). To determine the mitochondrial mass, a region of interest was drawn around the whole mitochondrion in each cell and the intensity was measured (mean intensity of the green channel). The background was subtracted before analysis.
Screening of sirtuin 3 (SIRT3) deacetylase activity. Deacetylation activity of SIRT3 was determined using SIRT3 Direct fluorescence Screening Assay Kit. 2-ME at concentrations from 1 pM up to 500 μM was added to wells containing 25 μl Assay Buffer and 5 μl diluted SIRT3 peptide. Initial activity (100%) and background wells were prepared according to the assay protocol. The reaction was initiated by adding 15 μl Substrate Solution (SIRT3 peptide, NAD Solution, and diluted Assay Buffer). The plate was covered and incubated on a shaker for 45 min at 37˚C. Afterwards, 50 μl Stop/Developing solution was added to each well and the plate was incubated for 30 min at room temperature. The absorbance was then read at an excitation wavelength of 350-360 nm and an emission wavelength of 450-465 nm. Each experiment was performed at least three times. The activity of 2-ME was calculated according to the following formula: % Inhibition/Activation=[(Initial Activity-Sample Activity)/Initial Activity] ×100.
Western blot analysis. Osteosarcoma 143B cells were seeded at a density of 1×10 6 cells/dish, cultured in standard medium for 24 h. After incubation, cells were washed with ice-cold PBS and lysed in RIPA buffer containing protease and phosphatase inhibitor cocktail (0.5 ml per 1×10 6 ). Lysed cells were centrifuged for 20 min at 12000 rpm and supernatant was collected. Total protein (20 μg/sample) was resolved by polyacrylamide gel electrophoresis using Amersham ECL 4-12% gels. The membranes were then incubated with primary antibodies specific to α-syntrophin or PGC-1α (1:2000) overnight at 4˚C, or β-Actin (1:50000) for 30 min at room temperature. Analysis was performed as previously described (26) . Chemiluminescence was detected using ImageQuant LAS 500 (GE Healthcare, Warsaw, Poland). The protein level was quantified by densitometry using Quantity One 4.5.2 software (Bio-Rad, Warsaw, Poland). The protein level of α-syntrophin and PGC-1α, as determined by chemiluminescent signal quantification, were normalized to loading control, β-Actin. Each experiment was performed at least three times.
System quality assessment and protein preparation. Crystal structure selection was based on the following criteria: high resolution of the crystal structure (below 3 Å) and electron density (ED) assessment. ED was evaluated using VHELIBS (32) . The protein structure was obtained from the protein data bank (PDB) and Protein Preparation Wizard Maestro (Schrödinger) was used to add bond orders and hydrogen atoms to the crystal structure (33) . Missing residues and atoms were fixed using Prime 4.0 (34, 35) . The protonation state of the protein and ligand was predicted using PropKa 3.1 (36, 37) . To validate the docking search algorithm, a "cognate docking" test was performed on the crystal. The cognate docking protocol provided a root mean square deviation (RMSD) below 2 Å, demonstrating good capability of correct placement of the ligand into the binding pocket. Extra-precision (XP) docking. The docking grid was generated starting from the ligand present in the crystallized binding pocket. The docking protocol chosen was extra-precision one to minimize possible false poses (38) . From the re-docking protocol, only the best poses of the ligand were retained for further studies.
Molecular mechanics generalized born surface area (MMGBSA).
The MMGBSA calculation was performed on the best pose of the previous docking procedures. The VSGB 2.0 model (39) was used as the solvent and OPLS3 (40) as the force field for the molecular mechanics portion of the calculation.
Molecular dynamics. All molecular dynamics (MD) simulations
were performed with DESMOND 4.2 using the OPLS3 force field (40) . The protein-ligand systems were solved using TIP3P as the water model. Ions were added to neutralize charges. The equilibration steps were run at a temperature of 303.15 K and at 1.013 bar pressure using the NPT ensemble. A Nose-Hover thermostat and a Martyna-Tobia-Klein barostat were used. The integration time step was 2 fs. The SHAKE algorithm was adopted to maintain the hydrogen -heavy atom bonds rigid. Short-range Coulomb interactions were set with a cut-off radius of 9 Å and a smooth particle mesh Ewald was used for the long-range interactions. System stability was evaluated using the RMSD of the protein backbone set calculated against the initial frame.
Statistical analysis.
The results represent the mean±SD from at least three independent experiments. All microscopic evaluations were conducted on randomized and coded slides. Differences between control samples versus 2-ME-treated samples were assessed by oneway analysis of variance (ANOVA) with post hoc testing using Dunnett's multiple comparison test or t-test combined with the Wilcoxon test. A p-value less than 0.01 was considered to indicate statistical significance. Data were analyzed using GraphPad Prism software (GraphPad Software v.6).
Results
Effect of 2-ME on α-syntrophin and PGC-1α protein expression. α-syntrophin has been proved crucial for nuclear recruitment of nNOS and consequently, indirectly, for the induction of mitochondrial biogenesis pathway (14) . Hence, the effect of 2-ME on intracellular α-syntrophin protein expression was determined in osteosarcoma cells. As demonstrated, 24 h treatment with 2-ME at a range of concentrations (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1
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Pathway and Succinate Complex Flavoprotein Subunit Dehydrogenase A μM) resulted in significant up-regulation of α-syntrophin levels by 2.0-, 3.8-, 2.1-, 4.6-, 7.4-, 5.6-fold, respectively (p<0.0001 compared to the control cells) (Figure 2A) . Subsequently, the effect of 2-ME on PGC-1α expression in osteosarcoma cells was investigated. Osteoarcoma cells were treated 24 h with 2-ME at concentrations of 10 pM up to 10 μM. Only treatment with 2-ME at concentrations of 100 pM-100 nM showed a trend of slight decrease in PGC-1α protein levels (0.2-0.3 -fold, p<0.01 compared to the control cells) ( Figure 2B ).
2-ME reduces mitochondrial mass.
The impact of representative physiologically (10 nM) and pharmacologically (1 μM) relevant concentrations of 2-ME on the mitochondrial mass in osteosarcoma 143B cells was also tested. Importantly, cell treatment with 10 nM of 2-ME for 24 h resulted in statistically significant reduction in mitochondrial fluorescence per cell by 50±10.5% (p<0.00001 compared to the control cells) ( Figure 3A and C). Pharmacological concentration of 2-ME also resulted in reduced mitochondrial fluorescence per cell by 17±8% (p<0.001 compared to the control cells) ( Figure 3B ,C).
Regulation of COXI.
To further strengthen our findings, the influence of 2-ME on COXI protein level, a typical marker of mitochondrial biogenesis encoded by mitochondrial DNA (14, 41) , was investigated. As demonstrated, incubation of osteosarcoma cells with 10 nM 2-ME for 8 h did not significantly affect COXI expression ( Figure 4A , B), though treatment for 24 h significantly decreased COXI levels by 12±2.9% (p<0.01 compared to the control cells) ( Figure 4A , C). On the contrary, pre-treatment of cells with 10 mM of Llactate for 48 h, led to a statistically significant increase in the level of COXI by 28±10% (p<0.00001 compared to the control cells) (Figures 4,5 ). Further treatment with 10 nM of 2-ME for 8 h and 24 h significantly down-regulated the increased COXI levels by 21±5.9% and 29±5.5% (p<0.001, p<0.00001, respectively, compared to L-lactate-treated cells) ( Figure 4A-C) . Regarding the pharmacological concentration of 2-ME, cell treatment with 1 μM 2-ME alone did not change the level of COXI, compared to the control cells ( Figure 5A-C) . However, incubation of L-lactate pre-treated cells with 1 μM of 2-ME for 24 h significantly reversed the L-lactate-induced increased of COXI by 21±2.9% (p<0.0001 compared to L-lactate-treated cells) ( Figure 5A ,C). Regulation of SDHA. In order to establish the role of 2-ME in the regulation of mitochondrial complex encoded by nuclear DNA, the effect of 2-ME and L-lactate, separately and in combination, on SDHA protein levels, important target for anticancer therapies, was also investigated. Treatment with 10 nM 2-ME for 8 h and 24 h significantly decreased the level of SDHA by 38±3% and 17±2.5% (p<0.00001, p<0.001, respectively, compared to the control cells) ( Figure 4A , D and E). Moreover, incubation with 1 μM 2-ME for 8 and 24 h significantly decreased the expression of SDHA (21±4% p<0.001 and 37±2.8% p<0.00001, respectively, compared to the control cells) ( Figure 5A, D and E) . Notably, 10 mM Llactate alone slightly enhanced the level of SDHA by 10±2.4% (p<0.01 versus control cells) (Figures 4,5) . L-Lactate-induced SDHA up-regulation was significantly reversed after treatment with 1 μM of 2-ME for 24 h, as well as with 10 nM of 2-ME for 8 h and 24 h by 35.5±3.3% (p<0.00001), 22±5% (p<0.0001), 21±4% (p<0.00001), respectively, compared to L-lactate pre-treated cells ( Figure 4A ,D,E).
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SIRT3 activity in vitro.
Subsequently, the in vitro inhibitory effects of 2-ME, at physiologically (1 pM-10 nM) and pharmacologically (100 nM-500 μM) relevant concentrations, on SIRT3 activity were determined. Importantly, as shown in Figure 6A , all concentrations of 2-ME significantly inhibited SIRT3 activity in vitro. The lowest percentage of SIRT3 activity inhibition (6%) was observed following treatment with 100 nM 2-ME (p<0.001) while treatment with 500 μM 2-ME resulted in the highest percent inhibition by 2-ME (32%) (p<0.00001) ( Figure 6A ).
Molecular docking.
To enhance the reliability of our data, molecular modeling was performed to obtain information on the possible binding mode of 2-ME with SIRT3 using crystallographic coordinates from the PDB (ID 4C78). Figure  6 shows the 3D and 2D ligand receptor interactions demonstrated by molecular docking. Interestingly, the crucial interaction regions reported in the literature for known inhibitors (small molecules or peptides) were observed for 2-ME at both the canonical inhibitor and allosteric sites (42) (43) (44) (45) (46) Figure 6B -E.
Molecular Dynamics (MD) Simulations.
The RMSD plot obtained from the MD simulations is presented in Figure 7 .
Two different MD simulations were run to compare the hostguest stability when only one molecule of 2-ME was bound to SIRT3 in the canonical or allosteric inhibition site ( Figure  7A-B) . Moreover, a third MD simulation was run on sirtuin 3 protein presenting two 2-ME molecules in both the canonical and allosteric binding sites (Figures 8 and 9 ). The 1:2 host/guest complex was as stable as the 1:2 complexes during 50 ns of MD simulation under the same conditions (Figures 8 and 9 ). The RMSD of the 2:1 complex was plotted and is shown in Figure 8A .
Discussion
Mitochondria are well-adapted endosymbiotic intracellular organelles that became efficient for energy production throughout the course of evolution (2, 3, 5, 7). Beyond their conventional metabolic functions, they also play a crucial role in certain neurodegenerative diseases and cancer. Mitochondrial biogenesis due to its unquestionable role in regulation of cancer invasiveness has become a target for novel anticancer therapies (8, 11) . Previously, the inhibition of mitochondrial mass by 2-ME at the pharmacologically relevant concentration of 1 μM was suggested by Karbowski et al. (47) . Herein, it is demonstrated for the first time that 2-ME may regulate mitochondrial biogenesis in osteosarcoma cells, especially at physiologically relevant concentrations. Aquilano et al. demonstrated that generation of NO in the nuclei of murine myocytes due to the nuclear localization of nNOS variant α (nNOSα) is critical for initiation of the mitochondrial biogenesis pathway (14) . We have previously established that 2-ME exerts an anticancer effect at both physiologically and pharmacologically relevant concentrations by selective induction of nNOS, nuclear recruitment of nNOSα, and subsequent NO generation in the nuclei of osteosarcoma cells (18, 25) . As reported by Aquilano et al., α-syntrophin functions as the upstream mediator of nNOS translocation into nucleus and nNOS-dependent mitochondrial biogenesis (14) . Indeed, in the current study, up-regulation of α-syntrophin was observed in osteosarcoma cells after cell treatment with both physiologically and pharmacologically relevant concentrations of 2-ME indicating its role in 2-MEinduced nuclear nNOS recruitment.
Notably, induction of α-syntrophin was accompanied by down-regulation of PGC-1α, a decrease in mitochondrial mass, and a decrease in the expression of COXI, though only after treatment with physiological concentrations of 2-ME. While, 2-ME, at pharmacologically relevant concentrations, caused only a slight decrease in mitochondrial mass without affecting PGC-1α and COXI expression. Up to date, no study has considered the effect of 2-ME on PGC-1α or any subunit of the mitochondrial cytochrome c oxidase (COX). Previously, the possibility for the hormone precursor of 2-ME, 17β-estradiol, 
. The effect of 10 nM 2-methoxyestradiol (2-ME) on cytochrome c oxidase I (COXI) and succinate dehydrogenase complex flavoprotein subunit A (SDHA) protein expression. Osteosarcoma 143B cells, either treated (L-lactate for 48 h, 2-ME for 8 h or 24 h, or combination of L-lactate and 2-ME) or non-treated control (c), were stained for COXI (green) SDHA (red), and DAPI for nuclear staining (blue). Representative maximum intensity projections of spinning disc microscopy images from three independent experiments are shown (A). The quantification data of 2-ME effect on COXI (B, C) and SDHA (D, E) are presented as relative fluorescence units (RFUs) in charts. The total fluorescence of fifty cells was analyzed and values represent the mean±SE of three independent experiments. Statistical significance level between various experimental pairs is indicated
μM 2-methoxyestradiol (2-ME) on cytochrome c oxidase I (COXI) and succinate dehydrogenase complex flavoprotein subunit A (SDHA) protein expression. Osteosarcoma 143B cells either treated (with L-lactate for 48 h, 1 μM 2-ME 8 h or 24 h, or combination of L-lactate and 2-ME) or non-treated control (c), were stained for COXI (green), SDHA (red), and DAPI for nuclear staining (blue). Representative maximum intensity projections of spinning disc microscopy images from three independent experiments are shown (A). The quantification data of 2-ME effect on COXI (B, C) and SDHA (D, E) are presented as relative fluorescence units (RFUs) in charts. The total fluorescence of fifty cells was analyzed and values represent the mean±SE of three independent experiments. Statistical significance level between various experimental pairs is indicated in
. 2-Methoxyestradiol (2-ME) affects sirtuin 3 (SIRT3) activity in a concentration-dependent manner. The percentage of SIRT3 activity inhibition after in vitro treatment of osteosarcoma cells with a range of different 2-ME concentrations is presented in the chart (A). Values are presented as mean±SE of three independent experiments. Statistical significance level between each experimental group and control cells is indicated in
00001). In the 2D depiction of 2-ME within the canonical binding site of SIRT3 (B), H-bond and π-π interactions are highlighted in purple and green, respectively. In the 3D depiction of 2-ME within the canonical binding site of SIRT3 (C), H-bond and π-π interactions are highlighted in yellow and blue, respectively. Similarly, in the 2D depiction of 2-ME within the allosteric binding site of SIRT3 (D), H-bond and π-π interactions are highlighted in purple and green, respectively, and in the 3D depiction of 2-ME, H-bond interactions are highlighted in yellow (E).
Figure 7. Root-mean-square deviation (RMSD) of 2-methoxyestradiol (2-ME) within the canonical inhibitor binding site of sirtuin 3 (SIRT3) (A). RMSD of 2-ME within the allosteric inhibitor binding site of SIRT3 (B).
Figure 8. Root mean square deviation (RMSD) of two 2-methoxyestradiol molecules within both the canonical and allosteric inhibitor binding sites of sirtuin 3 (A). 3D representation of the protein molecular surface of the 1:2 host-guest complex (B).
to control reactive oxygen species generation and mitochondrial membrane potential via regulating COX activity has been suggested as a mechanism of estrogen-induced redox signaling by the mitochondria (41) . This evidence, combined with the fact that sarcoma cells are characterized by high COX activity and mitochondrial DNA content (11) render mitochondrial biogenesis pathway a promising target for 2-ME-based osteosarcoma therapy. Expression of PGC-1α is strictly associated with increased cancer invasiveness (18, 48, 49) , thus down-regulation of PGC-1α by low concentrations of 2-ME, observed in the current study, may be considered as a physiological anticancer mechanism of 2-ME. Distinct biological activity of physiologically-and pharmacologicallyrelevant 2-ME concentrations on the expression of PGC-1α and COXI may be explained by the bi-phasic activity of NO dependent on concentration, time of exposure, and the presence of other free radicals. Previously, our findings have revealed that treatment of osteosarcoma cells with 2-ME at physiological concentrations resulted in significantly lower nuclear NO levels than treatment with 2-ME at pharmacological concentrations (18) . Differential effects depending on NO exposure time and concentration have previously been reported (17) . In a long-term effect, a NOdependent pathway has been shown to control mitochondrial biogenesis through up-regulating PGC-1α, the crucial regulator of mitochondrial biogenesis (15) (16) (17) . In contrast, short-term treatment with NO donors leads to down-regulation of PGC-1α expression indicating that the modulation of PGC-1α by NO is time-dependent (15-17). Noteworthy, PGC-1α may stimulate SIRT3, while not affecting other sirtuins (50, 51) . Thus, our research concerning regulation of mitochondrial biogenesis pathway via 2-ME was extended by analyzing the influence of 2-ME on SIRT3 activity. Human SIRT3 is a mitochondrial protein, class III histone deacetylase (50, 51) . Herein, for the first time the inhibitory activity of 2-ME, at both physiologically and pharmacologically relevant concentrations, towards SIRT3 was presented. To enhance the reliability of our data, molecular modeling was performed to obtain information on the possible binding mode of 2-ME with SIRT3 using crystallographic coordinates from the Protein Data Bank (PDB; ID 4C78) (52). The crystal structure, similar to human SIRT3 in complex with 4-bromo-Resveratrol and an inhibitor peptide, has been used by Nguyen et al. to demonstrate the possible role and inhibitory mechanism of 4-bromoResveratrol (45) . The authors demonstrated that certain SIRT3 inhibitors bind to both the canonical inhibitor binding and allosteric sites. Thus, the binding of 2-ME to SIRT3 was investigated considering the possibility of a 2:1 stoichiometry between the ligand and protein, in order to mimic the possible concentration-dependent activity of 2-ME observed experimentally. Specifically, molecular docking of 2-ME was performed on the two possible binding sites, the canonical inhibitor site (NAD+ catalytic binding site in the C-terminus) and/or the allosteric site (N-terminus region). The best docking poses of 2-ME were selected and analysis of the molecular mechanics energies combined with the generalized Born and surface area continuum solvation (MMGBSA) was performed to evaluate the enthalpy and free energy contributions to the binding process (53) (54) (55) . Finally, molecular dynamics simulations were performed to explore the stability of the ligand-protein complex and to evaluate the time evolution of the main host-guest interactions. Overall, the results of molecular modeling showed that 2-ME CANCER GENOMICS & PROTEOMICS 15: 73-89 (2018) was clearly able to bind both the canonical and allosteric binding sites of SIRT3 protein, as evidenced by the negative ΔG values calculated for the binding interactions and, moreover, by the stability of the protein backbone observed during the MD simulations. Furthermore, the host-guest complex involving two ligand molecules and one protein shows analogous stability during 50 ns of MD simulation. These data provide information on the potential role and binding mode of 2-ME to SIRT3 and pave the way to additional experimental structural studies oriented to confirm that 2-ME binds to both the canonical and allosteric inhibitor binding sites, as observed for 4-bromo-Resveratrol (45) . Interestingly, the 2:1 binding stoichiometry hypothesis is in excellent agreement with the concentration-dependent effect on the inhibition of SIRT3 activity observed experimentally. Sirtuins play an important role in many physiological and pathophysiological conditions, including metabolism, cell survival, aging, and cancer (50, 51) . SIRT3 inhibitors are currently investigated in potential therapy of numerous tumors including: head, neck tumors (56) . Inhibition of SIRT3 alters also the sensitivity of cancer cells to apoptosis (57) . Notably, silencing of SIRT3 expression has been associated with increased estrogen receptor β (ERβ) mitochondrial content, oxidative stress, and apoptosis. Indeed, in our recent study restoration of ERβ by 2-ME leading to osteosarcoma cell death was evidenced (58) .
Importantly, the pro-cancerogenic effect of L-lactate due to mitochondrial biogenesis induction in highly metastatic osteosarcoma 143B cells was proved in the study. L-Lactate has previously been shown to fuel the cancer growth and proliferation via inducing metabolic reprogramming (6, 7) . Herein, we demonstrated that 2-ME, at both physiologically and pharmacologically relevant concentrations, is able to reverse pro-cancerogenic effect of L-lactate and is effective anticancer agent under metabolic reprogramming conditions. Hence, L-lactate level may be considered as a prognostic biomarker for cancer medicine.
Another important issue of the present study is the effect of 2-ME on the expression of mitochondrial succinate dehydrogenase (SDH). Mitochondrial SDH, also known as Complex II or succinate: ubiquinone oxidoreductase (SQR), contains four nuclear encoded subunits: SDH A-D (59) . SDH has the unique characteristic of being the component that links the Krebs cycle and the electron transport chain. SDH complex has attracted attention after the reveal of its role in human disease. It plays an important role both in cell survival and death depending on the physiological or experimental conditions. Inhibition of SDH during ischemia/reperfusion attenuates reactive oxygen species-induced damage, while has also been shown to induce apoptosis (60) . One mechanism that has been described for SDH-induced apoptosis involves its disassembly in the low pH environment of distressed cells that results in excessive production of reactive oxygen species from the SDHA (60) . SDH inhibitors exhibit potent and selective anti-proliferative activity in multiple cancer cell lines, acting to inhibit mitochondrial electron transport (1, 61) . Thus, SDH is considered a target for novel anticancer therapies (62) . On the other hand, mutations in the structural subunits of the SDH are implicated in a variety of human diseases. Great number of tumors including head and neck paragangliomas, pheochromocytomas, gastrointestinal stromal tumors (GIST), thyroid cancer, renal tumors, and even neuroblastoma could arise from SDH mutations (63) (64) (65) (66) . Herein, it was evidenced that 2-ME, at both physiologically and pharmacologically relevant concentrations, decreased the expression of SDHA in osteosarcoma cell death model. Estrogen has been previously shown to cause multiple effects at the level of SDH, including the inhibition of electron transfer, maintenance of mitochondrial membrane potential and an increase in SDH activity (41) , whereas no study has reported the effects of 2-ME. However, inhibition of mitochondrial respiration in both intact cells and submitochondrial particles due to the inhibition of mitochondrial Complex I by 2-ME was proposed as one mechanisms of its anticancer action (67) .
Despite the dual activity of SDH in cancer formation and/or anticancer effects, mutations in SDHA gene are also associated with Leigh syndrome, neuronal cell death and/or some form of progressive neurodegenerative disease (59, 63) . The association of SDHA deficiency with neurodegeneration may explain the plausible neurotoxic effects of 2-ME previously observed by us in hippocampal experimental model (24, 25, 68) . Importantly, 2-ME, at both pharmacologically and physiologically relevant concentrations, may down-regulate the expression of SDHA and reverse the effect of L-lactate. It has been also demonstrated that L-lactate slightly increased the expression of mitochondrial SDH, which may represent one of the mechanisms of L-lactate that result in increased mitochondrial phosphorylation, metabolism, and ultimately enhanced tumor cell growth and metastatic potential. We also hypothesize that 2-ME may also modulate SDHA activity via its impact on SIRT3 activity, since it is the major deacetylase that controls the SDHA acetylation level (56, 60) . Reversible acetylation in mouse SDHA has been shown to attenuate its catalytic activity. Regulation of SDH subunits and electron transport from succinate via 2-ME may be of great interest regarding the anticancer and plausible neurotoxic potential of 2-ME and needs to be further elucidated.
Conclusion
The current study presented new insights into the anticancer mechanism of action of 2-ME. Using an osteosarcoma experimental model, it was demonstrated that 2-ME inhibits mitochondrial biogenesis, especially at low physiological concentrations, targeting PGC-1α, COXI, and SIRT3 as a consequence of the nuclear recruitment of nNOS. 2-ME was CANCER GENOMICS & PROTEOMICS 15: 73-89 (2018) also evidenced to be a potent inhibitor of SIRT3 through binding to both the canonical inhibitor binding and allosteric sites. Moreover, it was established that, regardless of mitochondrial biogenesis, 2-ME, at both physiologically-and pharmacologically-relevant concentrations, down-regulates the expression of SDHA, and plansibly may regulate its activity via SIRT3. Potential physiological activity of 2-ME needs to be further elucidated. Our findings also confirmed procancerogenic effects of L-lactate in osteosarcoma cells due to the induction of mitochondrial biogenesis pathway, suggesting that L-lactate level may serve as a prognostic biomarker for cancer medicine.
Conflicts of Interest
The Authors declare no conflict of interest.
